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Abstract 


A spacecraft with a passive thermal control system utilizes various thermal control materials to maintain temperatures within safe 
operating limits. Materials used for spacecraft applications are exposed to harsh space environments such as ultraviolet (UV) and particle 
(electron, proton) irradiation and atomic oxygen (AO), undergo physical damage and thermal degradation, which must be considered for 
spacecraft thermal design optimization and cost effectiveness. This paper describes the effect of synergistic radiation on some of the 
important thermal control materials to verify the assumptions of beginning-of-life (BOL) and end-of-life (EOL) properties. Studies 
on the degradation in the optical properties (solar absorptance and infrared emittance) of some important thermal control materials 
exposed to simulated radiative geostationary space environment are discussed. The current studies are purely related to the influence 
of radiation on the degradation of the materials; other environmental aspects (e.g., thermal cycling) are not discussed. The thermal con- 
trol materials investigated herein include different kind of second-surface mirrors, white anodizing, white paints, black paints, multilayer 
insulation materials, varnish coated aluminized polyimide, germanium coated polyimide, polyether ether ketone (PEEK) and poly tetra 
fluoro ethylene (PTFE). For this purpose, a test in the constant vacuum was performed reproducing a three year radiative space envi- 
ronment exposure, including ultraviolet and charged particle effects on North/South panels of a geostationary three-axis stabilized space- 
craft. Reflectance spectra were measured in situ in the solar range (250-2500 nm) and the corresponding solar absorptance values were 
calculated. The test methodology and the degradations of the materials are discussed. The most important degradations among the low 
solar absorptance materials were found in the white paints whereas the rigid optical solar reflectors remained quite stable. Among the 
high solar absorptance elements, as such the change in the solar absorptance was very low, in particular the germanium coated polyimide 
was found highly stable. 
© 2012 COSPAR. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 


A spacecraft operates in a harsh environment. One side 
directly faces the sun, while the other side faces deep, cold 
space (temperature ~4 K). This inflicts large thermal gradi- 
ent between the sunlit and shadowed sides. The various sub- 
systems of spacecraft, however, operate at the maximum 
efficiency within a small temperature range. Outside this 
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range, either their efficiency decreases or their lifetime is 
reduced, and under certain conditions they may stop func- 
tioning altogether. As an example, consider Ni-Cd batter- 
ies: at temperatures below 273 K, satisfactory operation 
cannot be achieved, due to poor recombination kinetics of 
the parasitic reaction products resulting in mechanical dam- 
age to the cell; above 313 K, their performance degrades 
due to inefficient recharging (Sharma, 2005). 

On earth, equipment with a tendency to run too cold or 
too hot may be readily brought back to acceptable operat- 
ing temperature through heat exchange with the atmo- 
sphere. In space, heat exchange is restricted to radiation, 
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which is a poor substitute for convection. Under these cir- 
cumstances, the challenge in spacecraft thermal design is to 
achieve the proper in-orbit operational temperatures for 
different components of spacecraft. 


1.1. Thermal design of spacecraft 


If we consider a spacecraft far away from earth’s atmo- 
sphere and assume that it does not have any internal power 
dissipation, the steady state temperature of spacecraft can 
be expressed by the following energy balance equation 
(Agarwal, 1986): 


SApa = a&AT* 
SA,o] 4 

T= |= ! 
a) u 


where T is the absolute temperature of the spacecraft, K; S 
is the solar constant (yearly average value at earth is 
1366Wm~); o is the Stefan—Boltzmann constant 
(56.7 x 10° Wm~K”™%); A, is the projected surface area 
of the spacecraft perpendicular to solar rays, m7; A is the 
total surface area of the spacecraft, m?; « is the solar 
absorptance; ¢ is the thermal emittance of the exposed sur- 
face. Because S, o, A, and A are constants in this relation- 
ship, it can be seen that the temperature of a given area of 
the spacecraft is directly controlled by the «/e ratio. 

Thermal control techniques are broadly grouped into 
passive and active. Passive thermal control techniques are 
preferentially adopted for the thermal control of space- 
craft. The passive system does not involve any relative 
movement of its parts and does not require external power 
for operation. This eliminates the possibility of its failure. 
The passive thermal control system utilizes coatings, multi- 
layer insulation (MLI) and radiators of known optical 
properties to achieve the required thermal control. Active 
thermal control systems require external power for their 
operations and involve the moving parts, for example- elec- 
trical heaters, mechanical refrigerators, thermostatic lou- 
vers, pumped fluid loops, electro-optical coatings, etc. 
The passive thermal control methods are used when 
simplicity, cost and reliability are the key design factors 
(Gilmore, 2002; Anvari et al., 2009). 

The temperature of spacecraft and its sub systems 
depends on the internally generated heat of spacecraft, heat 
absorbed from the sun, and the heat radiated out to space. 
Thermal control of spacecraft is mainly achieved by isolat- 
ing it from the harsh environment with the multilayer insu- 
lation. The multilayer insulation not only prevents entering 
the heat from the sun to the spacecraft, but also restricts 
the rejection of internal generated heat from the spacecraft. 
Therefore the area where high heat is generated must be 
exposed to space to allow radiation of excess heat. These 
areas are called radiators. The satellite radiator presents 
the interface of the satellite with the outer space, and rad- 
iatively couples it to the space environment. To maximize 
heat rejection and limit heat absorption from the surround- 


ings, radiators operating in the presence of solar energy are 
characterized by having the combined properties of low 
solar absorptance and high infrared emittance (low «,/e 
ratio). One of the efficient example of radiator is called 
optical windows where optical solar reflectors (OSRs) are 
bonded. OSRs allow rejection of the internally generated 
heat in the spacecraft to the outer space while reflecting 
most of the incident solar energy. In addition, thermal con- 
trol of various subsystems of spacecraft is achieved by the 
application of various coatings with known optical proper- 
ties. For example, high emittance coatings are applied on 
most of the internal components of spacecraft to improve 
their heat radiation characteristics; similarly, in some other 
areas, low emittance coating is employed for minimizing 
the radiative coupling. Further, the coatings used for 
spacecraft application must be easy to apply, should have 
low outgassing and stability in space environment. 


1.2. Material for spacecraft application 


Mass reduction is an important criterion in the space- 
craft design, because the cost of a spacecraft launch is enor- 
mous. Reduction in structural mass leads to higher payload 
capability and/or higher fuel mass, resulting in longer 
spacecraft life. The materials/ coatings used in space tech- 
nology requires higher standards and better control than 
those used for ground applications, because an on-orbit 
spacecraft is not approachable for repair, and space condi- 
tions are very severe. The materials designed for space mis- 
sions have to withstand extreme aerodynamic heating, 
acceleration, shock, vibration and acoustic noise during 
space flight, and ultrahigh vacuum, extreme temperature 
cycling, bombardment by high energy particles (electrons 
and protons) and extreme temperature cycling in orbit. 
Solar absorptance is an important parameter of thermal 
control elements. Increase in the temperature of the space- 
craft at the end of long term mission is mainly caused by 
the degradation of solar absorptance of the thermal control 
materials under space environment. The extreme condi- 
tions in the space environment and the high cost associated 
with placing the satellites in the orbit require that the satel- 
lite materials be thoroughly tested prior to deployment in 
their respective orbits (Marco et al., 2003, 2009). The appli- 
cation of defective material not only seriously affects the 
performance of a particular subsystem but also increases 
the probability of the failure of the entire mission by dam- 
aging it permanently. In the present paper degradation of 
thermal control materials under a simulated radiative space 
environment is investigated. The current studies are purely 
related to the influence of radiation on the materials; other 
environmental aspects (e.g., thermal cycling) are not 
discussed. 


2. Test description 


The space environment simulation was carried out at 
ONERA’s SEMIRAMIS combined radiation test facility. 
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ONERA is a French aerospace research centre, of which 
the abbreviation stands for: Office National d’Etudes et 
Recherches Aérospatiales. A long term test extending to 
over three months in vacuum was performed to simulate 
a three years radiation exposure on the North-South panels 
of a 3-axis stabilized geostationary spacecraft. Reflectance 
spectra were measured in-situ in the solar range (250- 
2500 nm) and the solar absorptance values were deduced 
from it. The degradation has been observed most in the 
white paints while the second surface mirrors have been 
quite stable. To complete the thermo-optical properties 
investigations, infrared emissivity measurements were per- 
formed in air at the beginning and at the end of the test. 
The measured values showed good stability, except in the 
case of conductive black paint and fluorinated ethylene 
propylene (FEP) based flexible OSR without indium tin 
oxide (ITO) coating. 


2.1. SEMIRAMIS facility 


The SEMIRAMIS facility is used to reproduce com- 
bined space environment composed of UV, electrons and 
protons. It’s most important capability is to measure in- 
situ spectral reflectivity of the materials under vacuum 
avoiding the quick and important bleaching effects that fre- 
quently occur when irradiated materials are exposed to the 
air. Furthermore, the effects of the initial air to vacuum and 
final vacuum to air transitions can be studied for every test. 

The SEMIRAMIS test facility is composed of two parts. 
At the lower stage, there is an irradiation chamber with 
three ports, one for protons at the normal of the samples, 
one for electrons and UV at 30° of incidence and one for 
a multipurpose accessory housed in a lateral vacuum cham- 
ber (cryogenic trap or Knudsen contamination cells or a 
radiant sample temperature measurement system). 

At the upper stage, there is a measurement and safe- 
guard chamber in which the sample holder can be intro- 
duced by a vertical translation from the lower stage and 
connected to an optical measurement device stored in an 
another lateral vacuum chamber. The in-situ measurement 
system is composed of a spectrophotometer which is con- 
nected to a mobile integrating sphere in vacuum. Reflec- 
tance spectra (250-2500 nm) of about 25 samples can be 
measured without breaking vacuum between the irradia- 
tion phases. 


2.2. Samples description: samples position and measurement 
points 


Totally 20 samples were subjected for the evaluation. 18 
Samples were supplied by the ISRO, while two additional 
samples of evaporated aluminium were used as reference 
specimen (1 irradiated and 1 non-irradiated). All these 
samples were bonded on aluminium plate for the irradia- 
tion test. The details of the test samples are presented in 
Table 1. As the in-situ measurement system is adapted 
for reflectance measurements, all the samples were opaque 


(except PEEK and white paint) and equipped with a reflec- 
tive rear face. PEEK is primarily investigated for its phys- 
ical degradation and the degradation of its solar 
abrorptance is only an indicative parameter. White paints 
with different back-ups were investigated to evaluate their 
effective solar absorptance degradation in the different 
application conditions. There were 21 measurement points 
in the irradiated area on the 19 samples. Measurements on 
two OSR samples were made at two diagonal positions due 
to their larger size (40 x 40 mm) and results shown are the 
maximum value of the two measurements. While the mea- 
surements on all other samples (19.8 x 19.8mm) were 
made only at one centre point. A photograph of test sam- 
ple holder is shown in Fig. 1. 


2.3. Vacuum and contamination control 


Solar absorptance is very sensitive to the surface con- 
tamination. The test setup had several methods to control 
the sample contamination such as low contamination vac- 
uum system, cryogenic shroud and the higher sample 
temperature. 

After the initial out gassing period of 2.5 days at 333 K, 
3.8 x 10°’ mbar pressure was attained and it was main- 
tained at 10°’ mbar during the entire test. The residual 
contamination level is measured during the test at the 
ambient temperature with a Quartz Crystal Microbalance 
(QCM Maxtek TM300 of a sensitivity of about 3 A/Hz 
for density of 1) set at the bottom of the irradiation cham- 
ber. Though the QCM was not directly irradiated, fre- 
quency measurement was modified by the UV presence. 
The variation in the two conditions with or without UV 
was about 20 Hz during the test. It corresponds to a very 
low level contamination of about 60 A. 


2.4. Temperature control 


Temperature of samples was controlled by providing 
good thermal contact with sample holder and connecting 
it to a constant temperature water circulation unit. The 
sample holder is composed of two parts, a front sample 
holder aluminium plate and a rear part where water circu- 
lation is used. The test samples were fixed over aluminium 
plate (19.8 x 19.8 mm for 17 samples and 42 x 42 mm for 2 
samples) and mounted on the sample holder with screwed 
metallic strips as shown in Fig. 1. The temperature of the 
front part was maintained at 333 K during the UV test 
and 336 K during measurements and particle irradiation 
test. 


2.5. UV irradiations 


Bi-Lambda 4 ultraviolet generator equipped with 6500 
Watts Xenon sources whose spectral distribution in the 
UV is close to that of the sun was used. The source emis- 
sion was filtered rejecting all visible and infrared light 
above 400 nm, in order to reproduce only the sun UV outer 
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Table 1 
Details of irradiated samples. 
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Sl. Description 
no. 


Remarks 


1 Rigid OSR 1(GOAL) 

2 Rigid OSR 2 (QiOptiq) 

3. Flexible OSR (ISRO, Without ITO coating) 
4 Flexible OSR (Sheldahl, with ITO coating) 
5 MLI Blanket 


6 Germanium coated polyimide (ISRO) 

7 ITO coated aluminized polyimide (ISRO) 

8 PEEK 

9 PTFE 
10 Conductive black paint (Aeroglaze Z307, Lord Corp.) 
11 White paint-1 (SG121FD, MAP) 


12. White paint-2 (SG121FD, MAP on polyimide + Aeroglaze Z306, Lord 


Corp. on the rear side) 


13. White paint-3 (Chemiglaze Z202 Flexwhite, Lord Corp.) on polyimide 


14. White Paint-4 (Chemiglaze Z202 Flexwhite, Lord Corp. on 
polyimide + Aeroglaze Z306, Lord Corp. on the rear side) 

15 White paint-5 (Chemiglaze Z202 Flexwhite, Lord Corp. + Aeroglaze 
Z306, Lord Corp. on polyimide) 

16 White anodized AA 2024 (ISRO) 

17. Polyimide aluminized (ISRO) 

18 Varnish coated Aluminized Polyimide (MAP) 


19 Reference Material: evaporated aluminum (MTO) 


40 x 40 x 0.2 mm 

40 x 40 x 0.08 mm 

FEP/Ta,0;/Ag/Inconel; 125 um 

ITO/FEP/Ag/Inconel; 125 um 

ITO coated polyimide aluminized rear side (Sheldahl, 50 um) + polyester 
net (Haren Textile, 175 um) + aluminized polyester (Pan Electronics, 
6.25 um) + Polyester Net (Harren Textile, 175 um) + ITO coated 
aluminized polyimide (Sheldahl, 50 um) 

Ge coated on 25 um black polyimide 

50 um 

0.5 mm sheet 

0.5 mm sheet 

75 «um paint on Al 

70 um SG121FD paint on 25 jum polyimide 

70 um SG121FD paint on 25 jum polyimide; 20 pm Aeroglaze Z306 on the 
rear side. 

70 um Chemiglaze Z202 on 25 um polyimide 

70 um Chemiglaze Z 202 Flexwhite paint on 25 tum polyimide; 20 pm 
Aeroglaze Z306 on the rear side 

70 um Chemiglaze Z 202 Flexwhite paint + 20 um Aeroglaze Z306 on 
25 um polyimide 

12.5 jum thickness, Modified Reynolds process (Wernick and Pinner, 1972) 
25 wm 

100 um MAPSIL QS1123 varnish on 25 tm Aluminized polyimide. 
MAPSIL is a 2 component silicone elastomer, base and curing agent ratio 
10:1. 

Aluminum on glass protected with SiO, coating 


Except SI No. 1 & 2 all samples are of 19.8 x 19.8 (0.1) mm size. All samples are bonded over aluminum plate. Total thickness of bonded test sample and 


aluminium plate is 4+0/—0.1 mm. 


Fig. 1. Photograph of test sample holder. 


atmosphere emission (Fig. 2). In space, the solar constant 
(ASTME 490-00, revised 2006) is 1366 Wm? (on the com- 
plete spectrum from UV to infrared), the corresponding 
part in the UV range 200-380 nm is 85.7 Wm ~. The fil- 
tered source provided the incident power of ~800Wm ~* 
(7 times the UV part of the solar constant, in the range 
200-380 nm and the remaining light between 380-450 nm) 
(Marco et al., 2009). 


148-06 -eecoeee l 
— ASTME490 
1.2E-04 standard 
— UV simulation 
__ 1.0E-04 
E 
& 8.0E-05 
< 
5 6.0E-05 
3 
4.0E-05 
2.0E-05 |— 
0.0E+00 + 
200 250 300 350 400 450 
Wavelength (nm) 


Fig. 2. UV Simulation compared to space. 


Two UV lamps were used. The flux was measured/ 
adjusted periodically using a mirror to reflect the flux on 
a spectroradiometer outside the chamber. The number of 
laboratory irradiation hours multiplied by the number of 
used solar constants gives the UV dose in Equivalent Sun 
Hours (ESH) that is equivalent to the number of hours 
in space. For 1 year North-South faces of a geostationary 
spacecraft, it corresponds to 1112 ESH (3336 for the whole 
test). The total applied dose was little higher than the geo- 
stationary earth orbit (GEO) dose as shown in Table 2. 
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Table 2 - 1 x 10'° electrons cm~? of energy 400 keV at a mean 
UV irradiation dose. flux of about 5.6 x 10'° electrons cm~” s~' (9 nA cm”) 
Step GEO, N/S dose Applied dose —_ in order to simulate the space dose in the bulk, 
0.5 year 556 ESH 552 ESH - 2x 10’ protons cm~? of energy 240 keV at a mean 
1 year 1112 ESH 1112 ESH flux of about 1.56 x 10'! protons em s~! (25 nA cm”) 
2 year 2224 BSH 2253 ESH in order to simulate the space dose below the surface. 
Plas! eee pea - 2 x 10'° protons cm? of energy 45 keV at a mean flux 
of about 1.56 x 10'! protons cem~? s~' (25nAcm~’) in 
order to simulate the space dose close to the surface. 
1E+9 — The proton and electron beams were supplied by 2.5 


— Dose profile 1.0 year 
GEO 
Q Protons 45 keV 


A Protons 240 keV 


DOSE (Gy) 
m 
+ 
4, 
> 


1E+6 | © Electrons 400 keV 
1E+5 ee 
1E-1 1E+0 1E+1 1E+2 1E+3 


Thickness (micron) 


Fig. 3. Simulation of GEO particle dose profile. 


2.6. Particle irradiations 


In the GEO orbit, the dose profile inside a material, due 
to the absorption of trapped electrons and protons, 
decreases rapidly from the surface down to the bulk of 
the materials. The dose profile was simulated at the labora- 
tory using the addition of the dose profiles of mono-ener- 
getic particles. Fig. 3 shows the dose profile calculation 
(based on trapped particles evaluated with AE8 and AP8& 
models) inside a material of a typical density of 1.5. On 
the curve, the protons and electron energies are superim- 
posed in order to fit one year GEO dose profile. In space 
the dose profile at the surface is mainly due to protons 
and simulated with two energies of protons 45 and 
240 keV, whereas it is due to the electrons in the bulk 
and simulated with one irradiation of 400 keV energy. 

The simulation procedure was to irradiate for each step 
from the volume up to the surface with the corresponding 
fluences for 1 year GEO: 


Table 3 
Applied particles fluencies. 


and 2.7MeV Van de Graaff accelerators, respectively. 
The protons were obtained from pure hydrogen plasma 
and separated from the other charged species by a mag- 
netic mass analysis after acceleration. The flux was mea- 
sured with uniformity of +15%. The electrons were 
obtained after diffusion through a thin aluminium window 
20 ym thick and measured with uniformity of +10%. The 
obtained fluences and fluxes during the test are given in 
Table 3. 


2.7. Test sequence 


The 3 years geostationary earth orbit, UV, particles and 
measurements sequence is shown in Fig. 4. The ultraviolet 
irradiation was carried out nearly without discontinuity 
except during flux adjustments. The particles irradiation 
was done in sequence after the UV irradiations. 


2.8. Optical measurements 


2.8.1, Spectral reflectance measurements 
Spectral measurements were carried out in the range of 
250-2500 nm on all the samples and the reference material. 


2.8.2. Solar absorptance 

The spectral measurements (250-2500 nm) were per- 
formed in-situ in the SEMIRAMIS facility. The air initial 
spectra were calibrated using reflectance spectra performed 
on another ex-situ spectrophotometer. 


Duration Particles Step dose Applied step Total dose Applied total Flux (nA/cm’) 
(part/cm?) dose (part/cm?) (part/em?) dose (part/cm?) 

0.5 year Electrons 400 keV 5.00E+14 5.55E+14 5.00E+14 5.55E+14 8 
Protons 240 keV 1.00E+14 1.20E+14 1.00E+14 1.20E+14 26 
Protons 45 keV 1.00E+15 9.64E+14 1.00E+15 9.64E+14 25 

1 year Electrons 400 keV 5.00E+14 4.74E+14 1.00E+15 1.03E+15 8 
Protons 240 keV 1.00E+14 9.17E+13 2.00E+14 2.12E+14 26 
Protons 45 keV 1.00E+15 1.00E+15 2.00E+15 1.96E+15 25.5 

2 year Electrons 400 keV 1.00E+15 9.59E+14 2.00E+15 1.99E+15 8 
Protons 240 keV 2.00E+14 1.86E+14 4.00E+14 3.98E+14 24 
Protons 45 keV 2.00E+15 2.00E+15 4.00E+15 3.96E+15 26 

3 year Electrons 400 keV 1.00E+15 1.01E+15 3.00E+15 3.00E+15 6 
Protons 240 keV 2.00E+14 2.02E+14 6.00E+14 6.00E+14 24 
Protons 45 keV 2.00E+15 2.02E+15 6.00E+15 5.98E+15 24.5 
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] 
Electrons 400 keV 
Prolons 240 keV 


Prolong 45 kel” 


Measurement 


ranstion ransiion 
AifNVacuum 10.5 year 1 year 2 years 3 years Vacuum/Ai 


Fig. 4. Three years GEO UV, particles irradiations and measurements sequence. 


Calculated solar reflectance is Rs 


_ vey R(A) « (A) dd 0) 
2500 
Be Ty sid 


where R(A) is spectral reflectance and /() is outer atmo- 
sphere solar irradiance (defined at 1 AU from the sun). 
The solar absorptance, «, of the reflective samples is 
deduced from the solar reflectance R, by using the 
expression: 
a, = 1—-R, (3) 
Ads 


Relative uncertainty is = w~+t1% 
R, as 


2.8.3. Normal infrared emissivity 

Normal emissivity én is measured in air at the beginning 
and at the end of the test using an AZ Technology 
TEMP2000A emissometer. 


3. Results and discussion 


The main observable degradations are the color 
changes of the samples, darkening of low absorbing mate- 
rials and bleaching of the black paint. Some cracks are 
found on the flexible OSRs and many micro cracks on 
the varnish. 

Solar absorptance values of the samples at various stages 
and difference in solar absorptance values after UV and par- 
ticle irradiation (Aw,) are presented in Table 4. Final normal 
emissivity compared to initial values under air is given in 
Table 5. The emissivity changes for most of the materials 
are very small, lower than +0.025. The largest emissivity 
change of +0.043 is found for the flexible optical solar 
reflector without ITO (sample 3). 


3.1. Overview of samples degradation 


An overview of the solar absorptance degradations 
under vacuum of all the samples is given in Table 4. The 
general tendency is the saturation of the degradations. 
The degradations of films and paints occur mainly in the 
UV and visible range. 


3.2. Reference materials 


Aluminium evaporated sample was used as a reference 
material. The stability of the aluminium evaporated refer- 
ences before and after irradiation is verified within +0.01 
uncertainty. The final spectral measurements show a slight 
degradation and a spectral shift in the UV of the irradiated 
sample probably due to the formation of more colour cen- 
tres in the SiO, coating. SiO, is used as a protective coating 
over aluminium and it has a negligible effect on the solar 
absorptance. The reflectance spectrum of the reference 
sample in vacuum during the test is presented in Fig. 5. 


3.3. Optical solar reflectors (OSRs) 


Optical solar reflectors are used to reflect the heat gen- 
erated by the various components of the spacecraft to the 
outer space. OSRs comprise a thin sheet of glass or quartz 
(~100 tm), silverized or aluminized on one side by the vac- 
uum evaporation. The solar reflectors are bonded from the 
silverized side to the desired exterior surface of the space- 
craft with a high conduction adhesive. Solar reflectors typ- 
ically occupy the areas where high heat dissipating 
equipments are located, e.g., traveling tube wave amplifier 
and output multiplexer. OSRs perform the dual function 
of solar reflector and infrared emitter. Optical solar reflec- 
tors are also known as second surface mirrors. Because 
glass is transparent over the solar spectrum, most of the 
solar radiation reaches the silver coated rear surface and 
is reflected back (effectively from the second surface) to 
space. Glass is, however, an excellent emitter over the 
infrared spectrum, which means that the thermal energy 
from the spacecraft’s interior is conducted via silver to 
glass and is radiated to outer space. 

On the front surface of OSR, transparent conductive 
coating (TCC) of indium tin oxide (ITO) is applied to pre- 
vent the electro static charging on the surface without sig- 
nificantly affecting the thermo-optical properties. During 
coating the edges are also coated to establish the electrical 
continuity between the front and rear surface. For low 
solar absorptance OSRs, stacks of hafnium and silicon 
dioxide are deposited over the ITO layer. This stack reflects 
ultraviolet radiation. 
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Table 5 
Normal emissivity: initial/final. 
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Sample no. Description Normal emissivity 
initial final Variation (final — initial) 
1 Rigid OSR 1 0.861 0.862 0.001 
2 Rigid OSR 2 0.875 0.886 0.011 
3 Flexible OSR without ITO 0.857 0.900 0.043 
4 Flexible OSR with ITO 0.861 0.883 0.022 
5 MLI blanket 0.769 0.784 0.015 
6 Germanium polyimide 0.905 0.912 0.007 
7 ITO coated aluminized polyimide 0.862 0.871 0.009 
8 PEEK 0.967 0.970 0.003 
9 PTFE 0.974 0.971 —0.003 
10 Conductive black paint 0.956 0.932 —0.024 
11 White paint-1 0.972 0.973 0.001 
12 White paint-2 0.977 0.979 0.002 
13 White paint-3 0.955 0.942 —0.013 
14 White paint-4 0.963 0.948 —0.015 
15 White paint-5 0.965 0.951 —0.014 
16 White anodized Aluminum 0.885 0.891 0.006 
17 Aluminized Polyimide 0.791 0.813 0.022 
18 Varnish Coated Aluminized Polyimide 0.922 0.925 0.003 
19 Al. Ref sample 0.050 0.046 —0.004 
20 Al. Ref sample (not irradiated) 0.046 0.046 0.000 
Xx Vacuum 2.5 day —- 0.5 year (2) —*—1 year 


(250-2500) = 0.092 


—®-2 years 
(250-2500) = 0.089 


(250-2500) = 0.090 


(250-2500) = 0.101 


—f- 3 Years (2) 
(250-2500) = 0.108 
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Fig. 5. Reflectance spectrum of the reference sample in vacuum during the test. 


Because of rigidity, application of rigid OSR’s is limited 
to only the flat surfaces. As an alternative, flexible OSRs, 
white paints or white anodizing are used over curved and 
complex shaped areas. In flexible OSRs, about ~125 um 
thick PTFE or FEP film is used in place of quartz sub- 
strate. Although rigid solar reflectors cost much more than 
alternative materials, they are used preferentially because 
of their improved optical properties and relatively low rate 
of degradation in space. 


Fig. 6 shows the degradation of solar absorptance of 
OSRs. As expected, the rigid optical solar reflectors show 
better stability in comparison to the flexible OSR. Further 
the rigid OSR with a stack of low/high index materials 
(hafnium and silicon dioxide) for UV reflection show very 
low degradation (Aa, +0.010, for OSR 1 and +0.018 for 
OSR 2). Flexible OSR without ITO showed more degrada- 
tion (Aa, +0.140) than flexible OSR with ITO (Aa, +0.096). 
The reflectance spectra of rigid and flexible OSR in vacuum 
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Fig. 6. Solar absorptance degradation of OSRs. 
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Fig. 7a. Reflectance spectrum of rigid OSR 1 in vacuum during the test. 


during the test are shown in Figs. 7 (a & b) and 8 (a & b), 
respectively. 


3.4. Films and polymers 


ITO coated aluminized polyimide is used in the fabrica- 
tion of multilayer insulation blankets. Aluminized polyim- 


ide acts as a radiation shield reflecting most of the incident 
radiation. Transparent conductive ITO coating is used to 
bleed off the electro static charging. PEEK is as such not 
used as a thermal control element but as a mechanical sup- 
porting material. It retains its mechanical strength in the 
adverse space condition. The degradation of solar absorp- 
tance of PEEK is therefore is of a little importance. Var- 
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Fig. 8a. Reflectance spectrum of flexible OSR without ITO in vacuum during the test. 


nish coated aluminized polyimide is used as a second sur- 
face mirror as an alternative to the flexible OSR. It is used 
to radiate the internally generated heat to the outer space. 
Solar absorptance degradation of the films and poly- 
mers is shown in Fig. 9. As a general rule the degradation 
is the highest for the samples having the lowest initial solar 
absorptance value. PEEK is an exception showing an 
appreciable degradation despite its initial solar absorptance 
value is rather higher. The degradation was faster during 
initial stage of irradiations and it slows down latter. Degra- 
dation corresponding to 0.5 year (Avg = +0.077) was about 
half of the total degradation (Avy = +0.152) in 3 years. 


Moderate degradation is observed for the ITO coated 
aluminized polyimide film. This degradation is mainly 
due to particle irradiations as can be seen from Table 4. 
While UV and particles are responsible for the degrada- 
tions of PTFE and varnish coated aluminized polyimide. 
Important bleaching is found during final transition to 
air for these materials. Many micro cracks were observed 
on the varnish. 

Germanium coatings offer several unique features when 
used in thermal control applications. It provides a surface 
resistivity of the order of 10° Q/U for static charge dissipa- 
tion, an absorptance to emittance ratio of about 0.6, and is 
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Fig. 8b. Reflectance spectrum of flexible OSR with ITO in vacuum during the test. 
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Fig. 9. Solar absorptance degradation of the films and polymers. 


transparent to the RF spectrum. Germanium coated poly- 
imide is often used as a sunshield to protect RF antennae 
from solar radiation. Because germanium is a semiconduc- 
tor, it is an insulator at radio frequencies. It is largely trans- 
parent to the thermal IR, though there can be substantial 
surface reflection due to its high refractive index. Germa- 
nium has some absorption bands near the visible that give 
raise to a high refractive index and reflection of about 40% 
of the solar energy. The germanium polyimide film is 
highly stable with a very low tendency to bleach under irra- 
diations Avg < + 0.003. 


3.5. Multilayer insulation 


Multilayer insulation consists of alternative layers of 
heat reflecting radiation shields separated by low conduc- 
tance spacers. A thin, low emittance radiation shield 
reflects a large percentage of the radiation it receives from 
the warmer surface. The spacer reduces the heat transfer 
from shield to shield by the contact conductance. A con- 
ventional multilayer insulation blanket consists of 10-15 
alternative layers of aluminized polyester and spacer. Alu- 
minized polyester is a PET (Polyethylene Terephthalate) 


1422 A.K. Sharma, N. Sridhara/ Advances in Space Research 50 (2012) 1411-1424 


film of about 6 um thick, aluminized on both sides, and 
spacer is polyester net, about 175 um thick. The top and 
bottom of these layers are supported by a 25/50 um thick 
aluminized polyimide film, which provides the required 
mechanical strength to the blanket. 

The MLI blanket used for irradiation testing is con- 
structed with ITO coated aluminized polyimide/ polyester 
net/ aluminized polyester/ polyester net / ITO coated alu- 
minized polyimide. 

The outer layer, ITO coated aluminized polyimide, in 
MLI blanket is exposed for the radiation. An increase in 
the solar absorptance by 0.17lof the outer layer of MLI 
blanket is observed after UV and particle irradiation. The 
degradations are mainly due to the particles irradiation as 
expected for aluminized polyimide. A marginal difference 
in the degradation of the solar absorptance of outer layer 
of MLI blanket and ITO coated aluminized polyimide 
may be due to the different source of materials and the pro- 
cesses adopted for the deposition of the outer ITO coating. 


3.6. Black paint 


Aeroglaze Z306 is an absorptive polyurethane paint. 
The paint cures to a flat black finish that exhibits a low 
out gassing characteristics while providing high thermal 
absorptivity. In the current study, Aeroglaze Z306 is not 
exposed directly to irradiation. It is used as a base coating, 
for the fabrication of RF-transparent thermal protection 
shields (white paint 2, 4 & 5). 

Aeroglaze Z307 is polyurethane based electrically con- 
ductive black paint. The paint cures to a flat black finish 
with a low out gassing while providing static dissipation 
and high thermal absorptivity. In the present study the deg- 
radation characteristics of Aeroglaze Z307 are investigated 


> Vacuum 2.5 day 
(250-2500) = 0.966 


—®-2 years 
(250-2500) = 0.949 


Reflectance 


250 500 750 1000 1250 
Wavelength, nm 


—- 0.5 year (2) 
(250-2500) = 0.954 


by direct exposer to UV and particles irradiation. The 
reflectance spectrum of conductive black paint Aeroglaze 
Z307 in vacuum is presented in Fig. 10. The paint bleaches 
marginally (Avg = -0.019) and the half of this variation is 
observed under the UV for the first 0.5 year step. 


3.7. White paints 


White paints with low solar absorptance and high ther- 
mal emittance characteristics are used as a solar reflector 
coating to dissipate the internal generated heat in the 
spacecraft to the outer space. White paints are also used 
to fabricate the RF-transparent thermal control barrier 
shields. 

SG121FD white paint (Binder: polydiméthylsiloxane, 
Pigment: treated ZnO, Solvent: Aromatic and aliphatic) 
provides excellent thermo-optical properties and high resis- 
tance to adverse space environment, low Total Mass Loss 
(TML) and Collected Volatile Condensable Materials 
(CVCM)% and can withstand very low temperatures, 
103 K). Chemiglaze Z202 Flexiwhite is a polyurethane 
based white paint. 

Five different combinations for white paint (1-5) are 
studied in the present investigation. White paints have 
some transparency to the solar radiations and a relatively 
poor adhesion on a polyimide film. To overcome these 
problems, Aeroglaze Z306 black paint was used as a base 
coating in different combinations (white paint 2, 4 & 5). 
This combination is made based on some specific applica- 
tions, i.e., fabrication of RF transparent thermal protec- 
tion shield. Here the effective degradation accounts for 
the combined effect of the white paint and the rear coating 
material. Solar absorptance degradation of white paints is 
presented in Fig. 11. 


—®—1 year 
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Fig. 10. Reflectance spectrum of conductive black paint in vacuum during the test. 
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Fig. 11. Solar absorptance degradation of white paints in vacuum during the test. 
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Fig. 12. Reflectance spectrum of white anodized aluminium in vacuum during the test. 


The white paints 3, 4, 5 are degraded mainly by UV 
irradiation. It is an organic binder that degrades in these 
high gloss paints rather than the pigment. In the more 
stable paints 1 and 2 having a high diffusing aspect, the 
binder is silicon based that is more stable under UV 
(Anvari et al., 2009). The low degradations that are found 
under particles irradiation are probably due to the stable 
pigment. The degradation of all the paints during 
3 years step is mainly due to particles irradiation as shown 
in Table 4. 


3.8. White anodization 


Anodizing is an electrochemical process used for obtain- 
ing a protective oxide film on the anodic component. In 
addition to its protective role, anodic film imparts excellent 
thermal control properties. The anodic oxide film is a cera- 
mic coating; it has about one-tenth of the thermal conduc- 
tivity of aluminium and its melting temperature is about 
2323 K, far higher than that of aluminium. The infrared 
emissivity of a polished aluminium sample is only about 
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0.03, but this can be greatly increased by the anodizing. A 
10-15 um anodic film obtained by conventional sulphuric 
acid electrolyte provides infrared emissivity of the order 
of 0.77, whereas its solar absorptance is only around 
0.32. The anodic film, therefore, acts as a good solar reflec- 
tor (Sharma and Bhojaraj, 1989; Sharma et al., 1998; 
Mukhopadhyay and Sharma, 1997). The optical properties 
of anodic film can be further improved by suitable modifi- 
cations in the anodizing process. One of the attractive fea- 
tures of anodic film is the flexibility of its structure and 
properties. By choosing different pre- and post-anodizing 
parameters, it is possible to obtain oxide film with different 
structure, composition and properties. White anodizing 
provides a solar reflector coating with a low solar absorp- 
tance and a high thermal emittance. It is used on the high 
heat dissipation components to radiate the heat into the 
outer space. 

In the present study, the degradation behavior of white 
anodizing obtained with double salts of titanium/zirco- 
nium, polyhydric alcohol, carboxylic acid and sulphuric 
acid is investigated (Wernick and Pinner, 1972). 

The reflectance spectrum of white anodized sample in 
vacuum during the test is presented in Fig. 12. The current 
white anodizing film is found very stable (Aus, +0.039) 
when compared to that of the process reported earlier 
(Aas, +0.32) (Marco et al., 2003). 


4. Conclusions 


A long term radiation test simulating 3 years of a geo- 
stationary orbit on North/South faces of a three axes 
stabilized satellite has been performed. The degradation 
results of the solar absorptance and emissivity of various 
thermo-optical materials viz, optical solar reflectors, white 
anodizing, white paints, black paints, multilayer insulation 
materials, varnish coated aluminized polyimide, germa- 
nium coated polyimide, polyether ether ketone (PEEK) 
and poly tetra fluoro ethylene (PTFE) are obtained. The 
effect of the UV and particles irradiations under vacuum 
and the effect of the transitions between air and vacuum 
on the degradation of the spectral reflectance and solar 
absorptance have been evaluated in-situ. Additional 
measurements have been done ex-situ before and after 
the irradiations to evaluate the absolute solar absorptance 
and the emissivity stability. The emissivity changes for all 
the samples are negligible, at the limits of the measure- 
ments uncertainty. The expected good solar absorptance 
stability of the glass based rigid solar reflectors (UV reflec- 


tive coated) has been verified. Polymer based flexible reflec- 
tors are less stable. Degradation in ITO coated flexible 
OSR is less when compare to without ITO coating. Moder- 
ate degradations of some polymeric samples (aluminized 
polyimide, ITO coated aluminized polyimide film, varnish 
coated aluminized polyimide, PEEK and PTFE) is 
observed, mainly due to the particles irradiation effect, 
except for the germanium polyimide film, which is highly 
stable. The white paints are the most degraded. Cracks 
are visible at the naked eye, on the flexible OSRs and on 
the varnish coated polyimide. Deeper characterizations of 
the samples could give more degradation information 
related to mechanical properties. 
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